Introduction {#S0001}
============

Lung cancer is one of the most prevalent malignant tumors in China. In the past three decades, the mortality rate of lung cancer patients in China has increased by 464.84%, and about 100,000 people die of lung cancer every year[@CIT0001] It is estimated that there were 1.8 million new cases of lung cancer worldwide in 2012, accounting for 13% of all cancer cases[@CIT0002] In lung cancer, the incidence of non-small cell lung cancer (NSCLC) which includes squamous cell carcinoma, adenocarcinoma, and large cell carcinoma is the highest, accounting for 85%. Therefore, it is necessary to expand the research on the treatment of NSCLC.

Gemcitabine is a nucleoside analog that primarily effects on the synthesis of DNA. And it is a first-line chemotherapy drug in the treating guidelines of NSCLC established by National Comprehensive Cancer Network and National Institute for Health and Care Excellence . However, drug resistance always affects the efficacy of gemcitabine[@CIT0003] It is reported that the objective response rate of NSCLC patients was only 18.4--22.2% when gemcitabine was treated as a first-line drug alone[@CIT0004] Many patients have no response to the treatment of gemcitabine[@CIT0005] At present, there was no conclusive theory to reasonably explain the mechanism of NSCLC resistance to gemcitabine. Current research indicated that multiple aspects including drug target, membrane transporter, and drug metabolism mainly involved in gemcitabine-resistance. Davidson et al, found that the expression of ribonucleotide reductase subunit 1, one of the gemcitabine targets, was higher in gemcitabine-resistant cell line H358-G200 and H460-G400 compared with the gemcitabine-sensitive cell line[@CIT0006] Oguri et al, reported the expression level of ATP-binding cassette C5 which mediates the transport of intracellular metabolites and exogenous drugs was negatively correlated with the sensitivity of gemcitabine[@CIT0007] In a study by Qu et al, immunohistochemistry showed that Sorcin expression was positive in 83.3% of the gemcitabine-resistant patients, which was significantly higher than 42.3% of the gemcitabine-sensitive patients[@CIT0008]

Thus, it can be seen that the production of resistance to gemcitabine in NSCLC cells is a complex process. In recent years, exosomes as a "natural mini-map" about the origin, physiology and pathological of cells was gradually being widely recognized by researchers[@CIT0009] Exosomes are small nano-vesicles released by cells with diameters between 30 and 120 nm. They could carry cellular contents including lipids, proteins, DNAs, and RNAs, and pass on these biological information from cells to cells[@CIT0010] Various studies proved that exosomes play an essential role in cancer drug resistance via carrying various biomolecules，and were effective in transmitting drug resistance via the delivery of particular miRNAs.[@CIT0011],[@CIT0012] Due to the characteristics of exosomes, we wanted to analyze the exosomes isolated from A549/G+ which had been induced to resist gemcitabine. Through the miRNA microarray technique, we found the differences in miRNA contained in exosomes between resistant cell line and sensitive cell line. Then, we try to identify some miRNAs involved in drug resistance by bioinformatics analysis for providing individualized medication guidance in clinical practice.

Materials and methods {#S0002}
=====================

Cell culture {#S0002-S2001}
------------

Human lung adenocarcinoma cell A549 was bought from Research Facilities of PUMCH (Beijing, China). A549/G+ cell line was established from A549 by our research group via exposing A549 to the mixture of gemcitabine medium. All cells were grown in DMEM (Gibco BRL, US) containing 10--12% fetal bovine serum (FBS) (Sangon Biotech, China). Cells were incubated at 37°C and 5% in CO~2~ incubator (Thermo Fisher, US).

Cell counting kit-8 assay (CCK-8) and colony-forming unit assays {#S0002-S2002}
----------------------------------------------------------------

We used the CCK-8 assay (Dojindo, Japan) to measure the IC~50~ of A549 and A549/G+. We incubated cells in 96-well plates at a concentration of 3,000 cells per well. After 24 hrs of incubation in complete medium, cells were exposed to different concentrations of gemcitabine for 72 hrs. Then, we discarded the liquid in the original well, and add 100 μL 10% CCK-8 assay to each well. By using microplate reader (Bio Tek Gem5, US), we measured optical density values at 450 nm. Each drug concentration was set up in three wells and repeated at least three times.

The cells were evenly placed into a six-well plate at a density of 300 cells per well. We added different concentrations of gemcitabine to the wells, and incubate the cells for 72 hrs. Then, we switched to use the complete medium to culture the cell until they formed macroscopic colonies. After being fixed by formaldehyde, the cells were stained with 0.1% crystal violet for 10 mins.

Isolation of exosome {#S0002-S2003}
--------------------

Beore incubation of exosomes, we rinsed the flask 4--5 times with 1× phosphate buffer saline (Gibco BRL, US) for avoiding exosomes in FBS from affecting the experiment. Each cell flask was added 5 mL DMEM only, and incubated in CO~2~ incubator for 72 hrs. We centrifuged the supernatant collected from the flask at 4°C, 20,000×g for 30 mins. Then, we isolated exosomes according to the procedures in the ExoQuick-TC^TM^ kit instructions (Thermo Fisher, US).

Western blotting {#S0002-S2004}
----------------

The exosomal membrane is rich in transmembrane 4 superfamily, including CD63, CD81, and CD9, which is involved in vesicle trafficking. Meanwhile, there are synthesis-related proteins of multivesicular bodies such as Alix and TSG101 on the exosomal membrane. Thus, in order to confirm that the white precipitates isolated from medium suspension were exosomes, the CD9 and Alix were detected by Western blotting. The exosomes were lysed in RIPA buffer (Beyotime Biotechnology, China). The protein samples were separated by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis, SDS-PAGE) and transferred to a PVDF (polyvinylidene ﬂuoride, PVDF) films. Rabbit polyclonal CD9 antibody (Abcam, Item NO.EPR2949, USA) and Alix antibody (Abcam, Item NO.EPR15314, USA) were all used at a dilution of 1:2,000, and the secondary antibody (Beyotime Biotechnology, China) at 1:1,000 dilutions. The bound antibodies were detected using ECL Western Blotting Detection system.

RNA exaction from exosomes for microarray analysis {#S0002-S2005}
--------------------------------------------------

The total RNA was extracted from the exosomes by using Trizol method, and subjected to quality inspection by NanoDrop 2000 and Agilent Bioanalyzer 2100. The qualified samples entered the stage of microarray experiment. We used Affymetrix GeneChip^®^ miRNA 4.0 system (Thermo Fisher, US) to analysis miRNAs in exosomes, and referred to the system description to conduct the microarray experiment. The GeneChip^®^ miRNA 4.0 arrays, containing 30,424 total mature miRNA probe sets including 2,578 mature human miRNAs, were washed and stained using the Affymetrix GeneChip Hybridization Wash and Stain Kit and were then scanned with the Affymetrix GeneChip Scanner 3000 7G (Affymetrix, Santa Clara, CA, U.S.).

Data analysis and statistical method {#S0002-S2006}
------------------------------------

Transcriptome Analysis Suite Software (Thermo Fisher, US) was for miRNA 4.0 array data summarization, normalization, and quality control. We conducted the statistical analysis by using SPSS Version 20.0. Student's *t*-test was used to analyze parametric continuous variables, and Mann--Whitney U test was used to analyze nonparametric continuous variables. The statistical test level was set at 0.05. The IC~50~ was estimated by the probit regression. DIANA-mirPath was set to use TargetScan Human 5.1 to identify possible mRNA targets. The level of significance was set at *p*\<0.05.

Results {#S0003}
=======

Establishment of A549/G^+^ cell line {#S0003-S2001}
------------------------------------

We treated original A549 cells with continuously increasing concentration of gemcitabine from 0.1 to 3 μmol/L. Then, we began to induce cell resistance by using intermittent high-concentration dosing. The A549 cells were exposed to the concentration of 0.005 mmol/L for 72 hrs, and then the cells were cultured in complete medium. After 48--72 hrs, we continued to use concentration of 0.005 mmol/L gemcitabine to culture the cells.

The induction of gemcitabine resistance lasted for about 39 weeks. Compared with its original cell line A549, the cell morphology of A549/G^+^ did not change significantly ([Figure 1](#F0001){ref-type="fig"}). As [Figure 2](#F0002){ref-type="fig"} shown, the fold line representing the inhibition rate tended to be gentle around 0.025 mmol/L in A549, while it tended to be gentle around 0.100 mmol/L in A549/G+. Results showed that 50% inhibiting concentration (IC~50~) values of gemcitabine on A549 and A549/G+ were respectively 2 μmol/L (95% confidence interval: 1.0--3.0 μmol/L) and 12 μmol/L (95% confidence interval: 4.0--28.0 μmol/L). The resistance value of A549/G+ was significantly higher than that of A549 (Z=−2.366, *P*=0.018, α=0.05). Figure 1The cell morphology of A549 and A549/G+.Figure 2Inhibition rate of gemcitabine on cells.

To further validate the gemcitabine resistance of A549/G+, we conducted colony-forming unit assays. Under the same concentration of gemcitabine, A549/G+ formed more cell colonies than drug-sensitive strain cells A549 ([Figure 3](#F0003){ref-type="fig"}). When the concentration of gemcitabine reached 7.5 μmol/L, A549 single cells were barely able to form colonies. Only the scattered cells could be seen in that well, and there were only five small cell colonies being found. But we could see the clear sign of colonies growth in A549/G+ which had been exposed to the concentration of 7.5 μmol/L. Both tests verified that A549/G+ has developed drug resistance to gemcitabine. Figure 3The results of colony-forming unit assays.

Identification of exosomes {#S0003-S2002}
--------------------------

In order to confirm that the white precipitates isolated from medium suspension were exosomes, the CD9 and Alix were detected by Western Blotting. Western blotting results showed that the two marker proteins CD9 and Alix were obviously present in the exosomes extract ([Figure 4](#F0004){ref-type="fig"}). It implied that exosomes indeed existed in the extracted samples, and the samples could be used in subsequent experiments. Considering that the difference in protein expression between A549 and A549/G+ would not affect the results, we have not set any reference proteins. Figure 4The Western blotting of exosomes.

Profiles of microarray and bioinformatics analysis {#S0003-S2003}
--------------------------------------------------

According to the microarray results, compared with exosomes secreted by A549 cells, 85 upregulated genes and 361 downregulated genes were detected in A549/G+ exosomes. As [Table 1](#T0001){ref-type="table"} shown, in the top ten differentially expressed miRNAs, let-7 family had two places. All of the top ten were down regulated in A549/G+ exosomes.Table 1The top ten differentially expressed miRNAs between A549 and A549/G+MicroRNARegulationLogFChsa-let-7i-5pDown−11.593143hsa-let-7d-5pDown−11.57318hsa-miR-107Down−11.198673hsa-miR-151a-5pDown−11.06081hsa-miR-106a-5pDown−10.99788hsa-miR-26a-5pDown−10.66564hsa-miR-17-5pDown−10.54206hsa-miR-93-5pDown−10.23588hsa-miR-23b-3pDown−10.19281hsa-miR-103a-3pDown−10.14184

The target gene prediction of the top 15 differentially expressed miRNAs was performed by online prediction software for target genes. We have chosen miRWalk 3.0 which was based on three databases TargetScan, miRDB, and miRTarBase to predict the target genes. By merging the data of above three databases, we draw the following conclusions: in terms of prediction based on the 3'untranslated region of mRNA，we got 221 target genes, while 196 target genes were found when basing on the coding sequence of mRNA. Through using the String database, we plotted the network analysis of gene interactions ([Figures 5](#F0005){ref-type="fig"} and [6](#F0006){ref-type="fig"}). Figure 5Network diagram based on genes obtained from predictions made in the coding sequence (CDS) of mRNA.Figure 6Network diagram based on genes obtained from predictions made in the 3'UTR of mRNA.

Then, we employed a Gene Ontology (GO) enrichment analysis by using ENONTOLOGY database for annotation, visualization, and integrated discovery ([Tables 2](#T0002){ref-type="table"}--[4](#T0004){ref-type="table"}). The analysis results based on 221 target genes shown that the most GO category was related to the regulation of macromolecule biosynthetic process among the top 5 significant terms belonging to the biological process. As to other 196 target genes, results showed that the GO category of the biological process was the most relevant to negative regulation of the cellular process. Moreover, in both aspects of cellular component and molecular function, the enrichment analysis displayed that other GO categories including protein binding, intracellular part, and nuclear part were also enriched.Table 2The GO category of biological processNo.GO biological process completeGenesFDRBased on 3'UTR of mRNA(GO:0010556)Regulation of macromolecule biosynthetic process871.07e-06(GO:0010468)Regulation of gene expression931.10e-06(GO:0031323)Regulation of cellular metabolic process1131.26e-06(GO:0009889)Regulation of biosynthetic process921.30e-06(GO:0048523)Negative regulation of cellular process901.32e-06Based on CDS of mRNA(GO:0048523)Negative regulation of cellular process945.82e-11(GO:0031323)Regulation of cellular metabolic process1121.95e-10(GO:0048519)Negative regulation of biological process982.04e-10(GO:0036211)Protein modification process734.52e-10(GO:0044260)Cellular macromolecule metabolic process1145.50e-10[^2] Table 3The GO category of molecular functionNo.GO molecular function completeGenesFDRBased on 3'UTR of mRNA(GO:0005515)Protein binding1671.76e-05(GO:1990837)Sequence-specific double-stranded DNA binding242.79e-03(GO:0001067)Regulatory region nucleic acid binding262.91e-03(GO:0003690)Double-stranded DNA binding262.92e-03(GO:0005488)Binding1903.27e-03Based on CDS of mRNA(GO:0005515)Protein binding1601.84e-09(GO:0140096)Catalytic activity, acting on a protein572.51e-07(GO:0005488)Binding1782.49e-06(GO:0000982)Transcription factor activity, RNA polymerase II proximal promoter sequence-specific DNA binding193.95e-05(GO:0001067)Regulatory region nucleic acid binding263.38e-04[^3] Table 4The GO category of cellular component completeNo.GO cellular component completeGenesFDRBased on 3'UTR of mRNA(GO:0044424)Intracellular part1953.85e-07(GO:0005622)Intracellular1967.80e-07(GO:0043229)Intracellular organelle1787.91e-07(GO:0031981)Nuclear lumen821.19e-06(GO:0043227)Membrane-bounded organelle1741.47e-06Based on CDS of mRNA(GO:0044428)Nuclear part861.14e-08(GO:0031981)Nuclear lumen781.06e-07(GO:0044424)Intracellular part1761.29e-07(GO:0005622)Intracellular1781.91e-07(GO:0044428)Nuclear part671.77e-06[^4]

In order to characterize the predominant pathways, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was conducted by DIANA TOOLS. The top 10 signal pathways are shown in [Figure 7](#F0007){ref-type="fig"}. According to DIANA-Tarbase and DIANA-microT there two databases, microRNAs in cancer pathway and fatty acid biosynthesis pathway may involve in gemcitabine resistance. Our data indicated that the drug resistance of lung cancer cells was partly related to these differentially expressed miRNA. Figure 7The top 10 most likely Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.

Discussion {#S0004}
==========

Until the late 1990s, regardless of the histological subtype of advanced lung cancer, the chemotherapy regimen was to simply follow using platinum-based combination therapy. With the use of "third-generation" cytotoxic drugs such as gemcitabine, paclitaxel, and docetaxel, the treatment regimen of NSCLC has been optimized, and the overall survival of patients has increased to 8 months in clinical practice[@CIT0013] However, acquired drug resistance greatly limited the clinical efficacy of gemcitabine therapy. Thus, it has become particularly important to find one or more biomarkers that can be used to evaluate the sensitivity of individual gemcitabine treatment. This will not only benefit patients from the gemcitabine treatment regimen, but also improve the clinical effect, and the precise and individualized treatment plan will also avoid the patient getting astray in treatment.

At present, gemcitabine has rarely been reported in the NSCLC precision treatment. However, the application and research of gemcitabine in the pancreatic cancer precise treatment provide research route for NSCLC. In a 4-year tracing test of 538 patients with pancreatic cancer, researchers found that hENT1 (human nucleotide balance transporter 1, hENT1) expression was significantly associated with overall survival and disease-free survival in patients who have been receiving gemcitabine[@CIT0014] Therefore, the researchers believed that hENT1 immunohistochemistry has clinical value in evaluating the efficacy of gemcitabine chemotherapy in patients with pancreatic cancer. Subsequent similar reports[@CIT0015]--[@CIT0018] have also demonstrated that precision treatment can improve the efficacy of gemcitabine in pancreatic cancer.

MiRNAs are a type of non-coding small RNAs that alter the genetic information flow by degrading mRNA, or directly inhibiting mRNA translation[@CIT0019] A large amount of evidence demonstrated that miRNAs have been involved in the process of NSCLC resistance to chemotherapeutic drugs. Zhao et al, proved that high expression of cyclin-dependent knase inhibitor 1A and RAD21 cohesin complex component (Rad21) gene occurred by low expression of miR-17 and miR-92 family could not only prevent cisplatin (DDP) from inducing apoptosis of NSCLC cells, but also promote the DNA of cancer cells repair, and this would maintain the drug resistance of NSCLC cells to DDP. Another study found that increased expression of miRNA-135a accompanied by a decreased expression of the APC gene was observed in nude mice which were inoculated subcutaneously with a NSCLC cell line and induced to paclitaxel resistance[@CIT0020] In addition, the study still proved that paclitaxel-sensitive cell line would develop into resistance to paclitaxel if the expression of miRNA-135a decreased in vitro. Therefore, our study tempted to develop a gemcitabine-resistant NSCLC cell line A549/G+ by treating gemcitabine for a prolonged period, and analyzed the differences in expression of miRNAs between A549 and A549/G+.

Through using the miRNA microarray technique, compared with A549, the expressions of let-7d-5p, let-7i-5p, miR-17-5p, miR-23b-3p, miR-26a-5p, miR-93-5p ten miRNAs, miR-103a-3p, miR-106a-5p, miR-107, and miR-151a-5p were most significantly decreased in A549/G+. Among these ten miRNAs, miR-17, and miR-106 family have been proposed to be closely related to the drug resistance of NSCLC in previous reports. Zhao et al, reported that low expression of miR-17 could maintain DDP resistance of NSCLC[@CIT0021] Moreover, Yu et al, found that upregulation of miR-106b-5p would increase the expression of polycystic kidney disease type 2 gene, and it could result in increasing sensitivity to DDP in the DPP resistance cell line A549/DDP[@CIT0022] Among the top 10 differentially expressed miRNAs, miRNA let-7 family took two places. It reported that let-7 family was closely related to the lung cancer. The prognosis of lung cancer patients with low expression of let-7 was far from ideal. And it showed the increased expression of let-7 had a greater inhibitory effect on tumor growth. Johnson et al, identified K-ras as a target gene for let-7[@CIT0023] Additionally, their works also showed that upregulation of let-7 expression could inhibit NSCLC cells division, and lead to cell cycle arrest. It would not be difficult to understand why A549/G+ maintained a relatively strong growth in the cell cycle inhibitory drug gemcitabine. A549/G+ with low-level expression of let-7 may offset the effects of gemcitabine via a series of pathways. The rest of the top 10 miRNAs including miR-23b-3p, miR-26a-5p, miR-93-5p, miR-103a-3p, miR-107, and miR-151a-5p were first discovered to be associated with NSCLC resistance in our study. Particularly, miRNA-26a had been reported to be associated with doxorubicin (Dox) resistance in liver cancer[@CIT0024] The study suggested that miR-26a may target UNC-51-like kinas (ULK1) gene which was an essential promoter of autophagy. Increasing expression of ULK1 was able to inhibit autophagy and promote cell apoptosis that it could increase the Dox sensitivity of hepatocellular carcinoma cells.

There are hundreds of miRNAs and their subtypes existing in cells. Simply studying miRNAs originated from the cells may lead to extremely high workload and research costs. A large number of research reports have confirmed that exosomes secreted by drug-resistant cancer cells could carry effective miRNAs to transfer information between cells, which can turn drug-sensitive host cells into drug-resistant cells.[@CIT0025]--[@CIT0027] It is inferred that exosomes secreted by gemcitabine-resistant NSCLC cells must contain miRNAs which closely related to drug resistance. Meanwhile, in order to eliminate those miRNAs that would influence the experimental results, we selected exosomes as entry points for studying gemcitabine resistance in NSCLC. In addition, studies have shown that exosomes can increase the sensitivity of miRNA detection and reduce the incidence of false negative results[@CIT0028] That is why we need to study miRNA through exosomes.

However, a frustrating aspect of miRNA research is that individual miRNAs have opposite functions in different systems. For instance, miRNA-125 was downregulated in hepatocellular carcinoma, breast cancer, and lung cancer, but overexpressed in colorectal cancer, pancreatic cancer, and gastric cancer[@CIT0029] This phenomenon indicated that miR-125b may act as both oncogene and anti-oncogene. Moreover, in the same type of cancer, the role of miRNAs was reported to be different. The results of Yan et al, were contrary to Zhao[@CIT0021] cited above. Yan et al, found that inhibition of mi-92 expression can make NSCLC cells sensitive to DDP. Besides, Ma et al, indicated that A549 would be resistant to DDP after transfection with miR-106a[@CIT0030] This result was in stark contrast to our array results that downregulation of miR-106a may be one of the reasons leading to NSCLC cell resistance to gemcitabine.

Therefore, some researchers have suggested that the regulation of targeting mRNA by miRNA was accomplished by the coordinated action of two or several miRNAs, and was not a "credit" for one single miRNA[@CIT0031] The study by Mitra et al, demonstrated that miR-9-5p and miR-130b-3p can directly bind to the 3' non-coding region of the transforming growth factor beta receptor 2 (TGFBR2) gene at the same time[@CIT0032] Increased expression of both miRNAs could induce the expression of TGFBR2 in NSCLC. In our study, DIANA TOOLS pathway prediction software was used to analyze differentially expressed miRNAs to predict possible biological signal pathways related to NSCLC gemcitabine resistance. And the KEGG analysis was based on the two databases DIANA-TarBase and DIANA-microT in the software. The former is a comprehensive collection of miRNA target databases that have been verified by experiments, while the latter can predict and analyze target gene based on the 3'UTR and coding sequence (CDS) regions of mRNA.[@CIT0033],[@CIT0034] We found that let-7, miR-107, and miR-16 were involved in the development of NSCLC in the "MicroRNAs in cancer" pathway. They, respectively, regulate cdc25, cdk6, and cyclins genes which were closely related to the cell cycle. Particularly, we also found that miR103, miR107, miR222, and Let7 are also involved in the process of breast cancer drug tolerance in this pathway. This provides a reference for the next research. Meanwhile, we found fatty acid synthase (FASN) in "Fatty acid biosynthesis" pathway was reported to be overexpressed in both NSCLC cisplatin-resistance cell line and ovarian cancer cisplatin-resistance cell line[@CIT0035] It is suggested that FASN plays an important role in the process of cancer cell resistance. Moreover, for fully screening target genes, prediction of 3'-UTR and CDS miRNA-binding sites was conducted. We found that 3'-UTR and CDS miRNA-binding sites of genes had similar functions in terms of GO enrichment analysis. For instance, both of them were enriched in negative regulation of cellular process and protein binding. The results suggested we are most likely to find targeted genes in these enrichments. Although bioinformatics analysis provided a reference for the next practical research, the results still need to be verified by other tests such as real-time PCR for high positive rate brought by molecular hybridization.

Conclusion {#S0005}
==========

Based on bioinformatics analysis, we speculated that the gemcitabine-resistance to NSCLC may possibly be the result of the interaction of several above-mentioned miRNAs including let-7d-5p, let-7i-5p, miR-17-5p, and miR-23b-3p. These miRNAs may be used as potential biomarkers to provide references for the diagnosis of gemcitabine tolerance in NSCLC patients. And they may also provide evidence for the development of precise treatment options. We believed that following further research may find an entire biological information chain to explain the complete process of NSCLC resistance to gemcitabine.
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